The TrapEase vena cava filter has a symmetric design. Emboli can be trapped in the outlet conical section (superior cone) or between the filter and vessel wall at the inlet end (inferior cone). The purpose of this in vitro study is to investigate the hemodynamic effects of clot entrapment by the TrapEase filter and to examine the possibility of flow-induced filter thrombosis.
INFERIOR vena cava (IVC) filters have been used for more than 20 years to prevent recurrent pulmonary emboli in patients who are at very high risk, who are unresponsive to anticoagulation therapy, or in whom anticoagulation is contraindicated. Successful treatment requires the filter to be nonthrombogenic and to provide high filter efficiency without impeding blood flow (1) . A prospective multicenter trial (2) suggested a low overall complication rate associated with the TrapEase filter (Cordis, Miami Lakes, FL). The symmetric low-profile design was intended to provide easy placement and limit misalignment and migration. The symmetric shape also allows the barbs to disengage from the wall of the IVC by stretching the nitinol TrapEase filter, thereby allowing use of the device as a temporary IVC filter (3) .
When placed in the IVC flow field, an inferior zone will trap emboli against the IVC wall (inlet). If emboli make it past this zone, it is possible that the superior region will collect emboli in the center of the filter (outlet). The flow dynamics in and around these two regions will not only determine the filter's trapping efficiency, but will also impact the patency of the IVC by influencing shear lysing of the captured emboli (4) . Failure to adequately lyse trapped clots can lead to IVC thrombosis and occlusion. Also, clot entrapment can influence the formation of stagnation/recirculation zones and the resulting filter thrombosis. A recent clinical study (5) on the TrapEase filter has raised some concerns of an increase in IVC thrombosis and associated serious sequelae.
In this study, the goal is to develop an understanding of the hemodynamics of vena cava filters and thereby gain insights on filter performance. We used a quantitative flow-visualization technique to evaluate the velocity and shear stress patterns produced by the TrapEase filter in its unoccluded and partially occluded states and compare them with previous results with the 12-F Greenfield and Simon nitinol filters (6 -8) . 
MATERIALS AND METHODS
A rigid model of the IVC and steady flow were used to evaluate the flow field created by the filter in unoccluded and partially occluded states. The same flow conditions and clot volume were used as in our previous work with the 12-F Greenfield filter and a Simon nitinol filter (6, 7) to allow for comparison of filter hemodynamics.
Test Model
A 2.0-cm-diameter test section was machined from a block of ultraviolettransparent acrylic. An 80-cm straight inlet was attached to the model to ensure that the inlet flow was fully developed (ie, Poiseuille flow). Figure 1 shows the main components of the experimental setup. The barbed attachments (hooks) were removed to have the filter body in contact with the vessel wall, and the filter was secured in the IVC model with glue at the location of the barbs.
Flow Visualization
The photochromic technique (9 -11) was used to capture the flow displacement profiles in and around the filter. The test fluid was comprised of deodorized kerosene and a trace amount (50 ppm) of photochromic dye (1',3',3'-trimethylindoline-6-nitro-benzospiropyran). This flow visualization technique uses an ultraviolet laser (VSL 337ND-10Hz; Laser Science, Newton, MA) to excite the photochromic dye, transforming the transparent solution opaque along the laser beam path. A digital camera (MegaPlus 1.4; Kodak, Rochester, NY) and image board (XPG 1000; Dipix, Ottawa, ON, Canada) were used to capture the profile of the opaque particles. For each measurement location, a reference or "baseline trace" was first acquired by imaging the trace at time 0. The laser was then fired again, with imaging delayed by 15 msec. This "displaced trace" image represents the movement of the opaque photochromic molecules over the period of 15 msec. An average of five baseline and five displaced images were used to estimate the net displacement over the period of 15 msec, from which the velocity and wall shear stress were calculated.
For the flow unsteadiness analysis, eight traces at each location were captured to estimate the instantaneous (u i ), mean (u ), and fluctuation (u') components of the velocity. This fluctuation is the unsteadiness (or turbulence intensity) and is expressed as a root mean square of the velocity fluctuation from a mean value:
The value is given as a percent fluctuation from the mean axial velocity. This procedure was performed at increments of 0.5 mm (Ϯ0.01 mm) along the vessel wall. As a result of the limitation of beam penetration, the dye trace extended through only half the model diameter and therefore the model was examined from both sides to resolve a given plane. The volume of the recirculation zones was esti- 
Flow Conditions
The test fluid was circulated at a constant flow of 17.81 mL/sec, which resulted in a Reynolds number of 600 (Re ϭ UD/, where U is the average velocity, D is the diameter, is the density of 0.756 g/cm 3 , and is the viscosity of 1.43 cP). This corresponds to an equivalent blood flow rate of 2 L/min in a 2-cm-diameter vena cava.
Clot Simulation
A 1500-mm 3 ultraviolet-transparent plug was used to simulate trapped emboli. Clot volume was similar to those in our previous studies of the titanium Greenfield filter (8) and Simon nitinol filter (7). The outlet clot was machined to fit within the contour of the concave superior trapping zone or basket. Figure 2b shows the dimensions of the clot, which consisted of a hemispherical upstream section and a conical downstream section. For the inferior convex basket, an elliptical clot was used. This clot lay over half the circumference of the IVC wall and was fabricated to be streamlined as shown in Figure 2a .
RESULTS
The axial velocity profiles were estimated from the displacement profiles by dividing the displacement by the flash delay (15 msec). Contour plots of the axial velocity were normalized by the theoretical average velocity for Poiseuille flow; ie, for flow in a long, straight pipe. In a few locations in which the filter struts lay within the imaging plane (ie, the filter obstructed the laser beam path) or in which the clot obscured the trace, no measurements were made and the contour represents an average of the surrounding data. The wall shear stress, which is the product of the fluid viscosity and the wall velocity gradient, was similarly normalized by the theoretical wall shear stress for Poiseuille flow. In 
Unoccluded Filter
The velocity contour and shear stress plots for the clot-free TrapEase filter is shown in Figure 3 . The lowprofile symmetric design ensured that the filter was centered and caused little flow impedance. The high-momentum fluid in the center of the test section was slightly altered by the guide wire tip and struts, creating an asymmetric bifurcation of flow around the inferior tip. Somewhat higher velocities were present in the lower portion of the flow field, likely caused by differences in the planar strut locations. At the outflow end of the filter (superior basket), small regions of low velocity were seen downstream from where the struts crossed the imaging plane. Similar features were seen in an orthogonal plane. The wall shear stress pattern was generally symmetric, with marginally higher values seen on the lower wall created by the slight asymmetry in flow. The peak normalized wall shear stress of 2.8 (2.8 times greater than the steady-flow Poiseuille shear stress) occurred near the outflow tip of the filter.
Partially Occluded Filter
Velocity and shear stress plots from the three partially occluded filter scenarios are presented in Figures 4 and  5 . With a streamline clot placed in the superior basket, greater velocities (3.6 times the average Poiseuille value) were produced at the "hips" (the widest point) of the clot (Fig 4b) . The 54% area reduction created by the hips of the superior clot caused flow to be diverted toward the wall, creating extreme shear stress levels on the wall and clot (Fig 4d) . A large region of stagnant/recirculating flow was created in the wake of the clot, which extended to a diameter downstream from the tip. The volume of the recirculation region (V recirc of approximately 1625 mm 3 ) was approximately 1.1 times the clot volume With placement of the same clot volume (1500 mm 3 ) in the inferior basket, an extensive (3.5 vessel diameter) stagnant/recirculating flow region developed in its wake, (Fig 4a) . The volume of this region estimated from 3 planes of view is 2.5 times the clot volume (V recirc Ϸ 3728 cm 3 ). Moreover, this large region of stagnant flow occurred along the wall of the IVC model. A smaller region was also present upstream from the clot. Flow around the clot biases the bulk flow toward the opposite wall and does not recover until past the superior basket. No flow unsteadiness or turbulence was apparent with this clot configuration. The redirection of flow by the clot created high wall shear stresses on the opposite wall, which peaked downstream from the clot. Along the wall downstream from the clot, the wall shear stress was low and negative until past the outflow tip of the filter. Shear stress along the top of the clot was 4.2 times the Poiseuille value and was similar to the shear stress on the opposite IVC wall (Fig 4c) .
A third configuration with clots present at both sites was also evaluated. The area reduction created by the superior clot truncated the flow separation zone of the inferior clot (V recirc ϭ 1944 mm 3 or 1.3ϫV clot ; Fig 5) compared with the model in which only the inferior clot was present. The inferior clot slightly altered the velocity field around the superior clot. This caused marginally lower peak wall shear stress along the clot.
We also observed the development of unsteadiness that is sometimes associated with flow reversal or separation (Fig 6) . To estimate the degree of unsteadiness, eight measurements were made for each location along the model. The difference between these instantaneous values and the mean was expressed as the turbulence intensity, as shown in equation 1. Unsteadiness occurred only downstream from the superior clot, with maximum turbulence intensities of 35%.
DISCUSSION
The major effect of a partially occluded TrapEase filter is the formation of a large stagnation/recirculation zone. It is possible that the filter design will cause the inferior basket (inlet) to trap emboli toward the IVC wall. With a clot volume of 1500 mm 3 , a recirculating zone will develop in the wake of the clot along the wall of the IVC. Placement of the same clot volume in the superior basket (outlet) subjects the clot to high shear stresses, but creates flow unsteadiness and a smaller recirculation zone around and downstream from the clot.
Clinical evidence of the success of IVC filters is difficult to interpret because of varying indications, follow-up lengths, patient treatment, and methods of reporting, and a lack of control and comparative data. The only clinical multicenter trial published on the TrapEase filter suggested that the TrapEase filter was a safe and effective device (2) . Within the 6-month trial follow-up, three of the 65 patients died. The authors did not attribute any of the deaths to the device; however, no autopsy data were provided. Two cases of filter thrombosis and one case of asymptomatic filter thrombosis with spontaneous recanalization were reported. Rates of caval occlusion and thrombosis in other IVC filters vary depending on filter type and patient population; however, the 3% rate of reported filter thrombosis is similar to published rates for Greenfield-type filters (12, 13) .
The hemodynamics in and around a caval filter are a major factor in determining its ability to remain patent. Our results show that the unoccluded TrapEase filter causes little flow disturbance. With the presence of the centered superior (outlet) clot, flow separation (reverse flow) and turbulence are triggered downstream. A previous study of a 12-F Greenfield filter did not show any flow separation for the unoccluded or partially occluded filter (8) . The same clot volume was used with the 12-F Greenfield filter; however, because of its longer profile and much smaller flow area reduction, no recirculation region was created. The compact Simon nitinol filter created similar downstream effects as the TrapEase filter, but with a smaller recirculation volume and lower turbulence intensity (7) .
Low-shear regions and recirculation zones have been shown in vitro to be thrombogenic (14, 15) . The short profile of the TrapEase filter limits the volume of clot that can be captured in the superior basket (outlet) without triggering flow separation and instabilities in the flow field. High-shear gradients generated by turbulence have been shown to promote thrombus formation (16) . Clot in the inferior basket will be exposed to lower levels of shear forces than those to which the superior clot is exposed, thereby limiting shear lysing of the inferior clot. In addition, with the inferior clot, a significant amount of the filter material will be embedded in the flow stagnation/recirculation region, thereby promoting thrombosis. 
CONCLUSIONS
No filter has proved its unequivocal superiority in all clinical situations. The TrapEase filter has gained popularity because of its symmetric design. The relatively small superior basket promotes flow separation and flow unsteadiness with the presence of a simulated clot. The inferior basket will trap emboli against the vessel wall and produce larger separation regions. These hemodynamic features are considered to be thrombogenic and may therefore limit caval patency.
